This study was designed to test the hypotheses that furosemide directly causes relaxation in human fetal airway and that delivery of loop diuretics to either the adventitial or epithelial surface of newborn mouse airway results in equivalent relaxation. Isometric tension changes were measured in human fetal (11-16 wk) trachea and mainstem bronchus rings exposed to furosemide (300 M) or saline after acetylcholine or leukotriene D 4 constriction. Significant decreases in isometric tension to furosemide were demonstrated after constriction with acetylcholine or leukotriene D 4 . To examine the site of effect and mimic aerosolized and systemic administration, furosemide (3-300 M) and bumetanide (0.3-30 M) were applied separately to epithelial and adventitial surfaces of newborn mouse airways. No differences in airway diameter changes to epithelial or adventitial furosemide or bumetanide were observed, but a 10-fold difference in potency was found. In summary, human fetal airway relaxed to furosemide when constricted with either neurotransmitter or inflammatory mediator in vitro. Further, no differences in relaxation to equimolar epithelial and adventitial furosemide were observed in isolated newborn mouse airway. Taken together, this provides evidence that furosemide has a direct, nonepithelial-dependent effect on airway smooth muscle tone. Systemically administered furosemide improves pulmonary mechanics and gas exchange in infants with chronic lung disease independent of its diuretic effects (1, 2). Studies demonstrating a reduction of bronchoconstrictive responses in pediatric (3) and adult asthmatics (4, 5) with aerosolized furosemide further support the notion that a nondiuretic effect may produce improvements in pulmonary function. Indeed, the in vitro airway relaxation to furosemide that is observed in animal models (6 -8) suggests that there may be a direct effect on airway smooth muscle.
This study was designed to test the hypotheses that furosemide directly causes relaxation in human fetal airway and that delivery of loop diuretics to either the adventitial or epithelial surface of newborn mouse airway results in equivalent relaxation. Isometric tension changes were measured in human fetal (11) (12) (13) (14) (15) (16) wk) trachea and mainstem bronchus rings exposed to furosemide (300 M) or saline after acetylcholine or leukotriene D 4 constriction. Significant decreases in isometric tension to furosemide were demonstrated after constriction with acetylcholine or leukotriene D 4 . To examine the site of effect and mimic aerosolized and systemic administration, furosemide (3-300 M) and bumetanide (0.3-30 M) were applied separately to epithelial and adventitial surfaces of newborn mouse airways. No differences in airway diameter changes to epithelial or adventitial furosemide or bumetanide were observed, but a 10-fold difference in potency was found. In summary, human fetal airway relaxed to furosemide when constricted with either neurotransmitter or inflammatory mediator in vitro. Further, no differences in relaxation to equimolar epithelial and adventitial furosemide were observed in isolated newborn mouse airway. Taken together, this provides evidence that furosemide has a direct, nonepithelial-dependent effect on airway smooth muscle tone. Systemically administered furosemide improves pulmonary mechanics and gas exchange in infants with chronic lung disease independent of its diuretic effects (1, 2) . Studies demonstrating a reduction of bronchoconstrictive responses in pediatric (3) and adult asthmatics (4, 5) with aerosolized furosemide further support the notion that a nondiuretic effect may produce improvements in pulmonary function. Indeed, the in vitro airway relaxation to furosemide that is observed in animal models (6 -8) suggests that there may be a direct effect on airway smooth muscle.
However, a bronchodilatory response to inhaled furosemide is not consistently observed in infants with chronic lung disease (9, 10) . Although aerosolized administration of furosemide could minimize systemic effects while producing localized bronchodilation, it is not widely accepted that inhaled furosemide has therapeutic efficacy during acute bronchoconstriction. Taken together, it is presently unclear whether these inconsistent results are because of species differences or inadequate concentrations of drug that reach the airway with aerosolized treatment, or because furosemide in fact does not act via a mechanism of direct airway smooth muscle relaxation (11) . Therefore, the potential relevance of previous in vitro animal findings requires validation by the study of human airway response (12) , with the first objective to test the hypothesis that furosemide causes direct relaxation of human fetal airway.
In addition to demonstrating a direct relaxing effect on airway smooth muscle, further support for the bronchodilatory response to furosemide via aerosolization would require evidence that mechanisms can be activated from the luminal side of the airway. Traditional in vitro organ bath systems do not allow for the separation of drug delivery to either luminal or abluminal surfaces. To determine whether the action of furosemide on airway muscle responses could be induced by delivery specifically to the luminal surface, additional studies were designed to separate luminal and abluminal environments in whole airway segments from newborn mice. A cannulated, perfusion system with videomicrometry measurement (13) of airway diameter was used to mimic the delivery of drug to either surface in vitro, which may be relevant to in vivo situations of aerosolization compared with systemic administration. Thus, the second hypothesis tested was that adventitial and epithelial applications of loop diuretics produce similar relaxation in isolated newborn mouse airway. Newborn mouse tracheas were studied in this series because human fetal tracheal segments were too large for this system, and more distal segments were too short. Human fetal airway isometric tension measurement. Human fetal airway tissues (11-16 wk gestation) were obtained from Central Laboratory for Human Embryology, University of Washington, Seattle, WA, U.S.A. Informed consent was obtained for fetal tissue donation and use in the research of birth defects and other diseases. Fetuses with known congenital or chromosomal abnormalities were excluded. Samples were placed in cold Waymouth media supplemented with 10% fetal bovine serum, 0.25 g/mL Fungizone, and 50 g/mL gentamicin (Life Technologies, GIBCO, Gaithersburg, MD, U.S.A.), and express mailed on ice to arrive within 36 h postmortem.
METHODS
On receipt of tissue samples, intrathoracic tracheas or mainstem bronchi were identified, dissected clean of connective tissue, and placed in HEPES buffer (composition in mM: NaCl, 140; KCl, 4.5; D-glucose, 10; HEPES, 5; CaCl 2 ·2H 2 O, 1.5; MgCl 2 ·6H 2 O, 1). Airway segments were cut into rings of approximately 3 mm in length, with care taken not to damage the epithelial surface. Cartilage was left intact on the preparation, as removal of cartilage has been shown to reduce muscle reactivity (14) . Rings were mounted on two fine stainless steel wires passed through the lumen. One wire was anchored to a stationary rod and the other to a gold chain suspended from a Grass FT.03 (Grass Instruments, Quincy, MA, U.S.A.) forcedisplacement transducer connected to a Gould recorder (Gould Instrument Systems, Cleveland, OH, U.S.A.) for measurement of isometric force (15) . Airway rings were suspended in an organ bath at 37°C, bathed with 25 mL of HEPES buffer aerated with 100% O 2 .
After equilibration for 1 h, with solution exchanged every 15 min, each ring segment was stretched to the optimal point on its length-tension curve as determined by maximal tension developed to an EC 50 -75 of acetylcholine chloride (Sigma Chemical Co, St. Louis, MO, U.S.A.). Once this optimal resting tension was determined, the EC 50 for acetylcholine was determined for each tissue. The rings were constricted with the EC 50 concentration of acetylcholine, then 300 M furosemide (American Regent Laboratories, Inc, Shirley, NY, U.S.A.) or an equal volume of saline control was added. In a separate set of experiments, rings were constricted with EC 50 for LTD 4 (BIOMOL Research Laboratories, Plymouth Meeting, PA, U.S.A.), followed by addition of 300 M furosemide or saline control. The tissues were dried at 59°C for 5 d, then weighed. Concentration-response curves were not performed on the fetal tissues owing to the duration required for transport of airways together with the length of time required for each response. Methacholine responsiveness of human airways has been shown to remain intact up to 55 h after resection (16) ; however, at approximately 40 h after resection, we found loss of active tension with time after acetylcholine constriction.
Localization of response in newborn mouse airway. To localize the effects of loop diuretics in the airway, adventitial and epithelial applications of loop diuretics were examined separately. Because of size limitations of the perfusion apparatus and the availability of airways, newborn mouse tracheas were used for this series of experiments. One-to five-d-old C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME, U.S.A.) were killed with 1 g/kg sodium pentobarbital (Wyeth, Philadelphia, PA, U.S.A.). Tracheas (200 -400 m diameter) were isolated and cleaned free of connective tissue. Tracheal segments (2-3 mm in length) were mounted onto glass cannulas. The cannulas were set in a Plexiglas chamber (Living Systems, Burlington, VT, U.S.A.) that allows for separation of luminal (epithelial) and abluminal (adventitial) environments (13) . Tissues were equilibrated in continuously exchanged HEPES buffer, pH 7.4, at 37°C, aerated with 100% O 2 . There was also constant flow of oxygenated HEPES buffer through the tracheal lumen. Proximal perfusion pressure was maintained at 5-8 mm Hg and flow rate was maintained at 12 mL/h. Airway diameter changes were measured by videomicrometry (Living Systems). The lack of response to luminally applied acetylcholine confirmed the separation of the epithelial and adventitial environments.
Tracheas were constricted with abluminal acetylcholine EC 50 -75 , then exposed to cumulative doses of furosemide (3-300 M) or bumetanide (0.3-30 M; Hoffman-La Roche, Inc, Nutley, NJ, U.S.A.) applied to either the luminal or abluminal surfaces. A 30 M concentration of furosemide approximates the plasma concentration expected in a newborn after i.v. administration of 1 mg/kg furosemide (17, 18) . Data analysis. Statistics were performed using the Sigmastat statistical package (Jandel Scientific, San Rafael, CA, U.S.A.). Relaxation is expressed as a percent decrease in isometric tension for the human fetal airway, relative to the prior constriction to acetylcholine or to LTD 4 . Human fetal airway responses to furosemide were compared with controls by unpaired t test. Relaxation in the mouse airway is expressed as a percent increase in airway diameter, relative to the prior constriction to acetylcholine. Luminal responses were compared with abluminal responses after furosemide and bumetanide applications using two-way ANOVA for repeated measures. Normality was determined by the Kolmogorov-Smirnov test. Results are expressed as mean ϮSEM.
274

RESULTS
Human fetal airway.
Human fetal airway rings relaxed in response to furosemide. Airway rings constricted with the neurotransmitter, acetylcholine (Fig. 1A) , showed significant decreases in isometric tension in response to a single 300 M dose of furosemide (n ϭ 9) compared with saline controls (n ϭ 6; p Ͻ 0.05). Airway rings constricted with an inflammatory mediator, LTD 4 (Fig. 1B) , also demonstrated significant decreases in isometric tension in response to furosemide (n ϭ 6) compared with controls (n ϭ 6; p Ͻ 0.05).
Newborn mouse airway. Figure 2 shows a representative tracing of changes in diameter in response to acetylcholine and furosemide. No localization of loop diuretic relaxation was observed. There were no differences in airway diameter changes to epithelial (luminal) and adventitial (abluminal) applications of furosemide and bumetanide in isolated newborn mouse airways. The increases in airway diameter were similar when responses to cumulative luminal (n ϭ 4) and abluminal (n ϭ 7) applications of furosemide were compared (Fig. 3A) . Cumulative luminal (n ϭ 3) and abluminal (n ϭ 4) applications of bumetanide also resulted in similar increases in airway diameter (Fig. 3B ). There were no differences in maximal airway diameter changes or potency between luminal and abluminal diuretic exposure. Maximal changes in airway diameter to furosemide and bumetanide were comparable, but a 10-fold difference in potency was observed.
DISCUSSION
Furosemide produced relaxation in human fetal airway after constriction by the neurotransmitter, acetylcholine, as well as by the inflammatory mediator, LTD 4 . Elevated levels of LTD 4 , Figure 1 . Human fetal airway relaxation in vitro to furosemide (300 M) after constriction with acetylcholine (A) and with LTD 4 (B). A, acetylcholineconstricted airways also showed a significant decrease in isometric tension in response to furosemide (n ϭ 9) compared with saline controls (n ϭ 6). B, airways constricted with LTD 4 showed a significant decrease in isometric tension to furosemide (n ϭ 6) compared with saline controls (n ϭ 6). *p Ͻ 0.05. 
LOOP DIURETICS AND IN VITRO RELAXATION
one of the most potent inflammatory bronchoconstrictors (19) , have been demonstrated in infants with acute (20) and chronic lung disease (21) . The fact that furosemide can produce relaxation in airways with increased reactivity caused by inflammatory processes suggests that it may be efficacious in the management of infants with chronic inflammatory lung disease (22) . Thus, these data indicate that furosemide is capable of directly relaxing human airway segments.
When furosemide was administered separately to the adventitial and epithelial surfaces of newborn mouse airway segments, relaxation responses were similar for the same cumulative concentrations. This observation is important because it is known that responses of airway segments to different stimuli depend on the surface exposed to the stimulating agent (23) . For example, there is a 29-fold increased sensitivity of airway narrowing to adventitial versus luminal applications of acetylcholine (24) .
In addition to the ability to partition the luminal and abluminal environments, the cannulated perfusion system allows for assessment of relaxation by measurement of airway diameter by videomicrometry (13) rather than changes in isometric tension. When airway diameter changes are examined, airway tone alterations are independent of the degree of stretch or load on the tissue before the start of the experimental conditions (25) . In addition, this videomicrometry system permits the study of much smaller tissues with smaller amounts of agonists (26) , allowing for the examination of airway diameter changes in the conduit airways of newborn mice. The observation of airway dilation to adventitial and luminal delivery of furosemide indicates that airway relaxation measured by isometric tension can correlate with changes in airway diameter.
The exact mechanism by which furosemide produces airway relaxation is not completely understood. Although the most widely held notion is that its action is likely owing to its inhibitory effect on the Na-K-2Cl cotransporter, in a study using rat tracheal venules and arterioles, Corboz and coworkers (11) concluded that furosemide attenuates bronchoconstriction through a decrease in intra-airway thermal gradient because of vasodilation.
In the kidney, where it is established that loop diuretic action is mediated by the inhibition of the Na-K-2Cl cotransporter, there is a 10-to 30-fold difference in inhibitory potency between furosemide and bumetanide (27, 28) . Although the present study was not designed to specifically address mechanism of airway relaxation of furosemide, the 10-fold difference in airway relaxation potency between furosemide and bumetanide suggests that airway relaxation may also be mediated, in part, by inhibition of the cotransporter. In addition, functional data exist for the presence of the Na-K-2Cl cotransporter in the airway (7, 27, 29) , and there is evidence that inhibition of the Na-K-2Cl cotransporter may play a partial role in airway relaxation (29) . In summary, the relaxation of isolated human fetal airway in vitro, coupled with equivalent relaxation to equal concentrations of adventitial and epithelial delivery of loop diuretics observed in newborn mouse airways, provides additional evidence that there is a direct, nonepithelialdependent effect of furosemide on airway smooth muscle tone. We speculate that the Na-K-2Cl cotransporter is present in the human airway smooth muscle cell and plays at least a partial role in regulating airway tone.
